Introduction
The effect of antifouling agent on aquatic environmental is of great concern. The concentration of organotin compounds in the aquatic environment has been decreasing since the introduction of the regulations to ban of the use of such compounds in antifouling paints. The ban stimulated the development and introduction of alternative antifouling agents. The Japanese Paint Manufactures Association 1) has revealed the ingredients in their antifouling paint products: such as cuprous oxide, copper pyrithione (CuPT), zinc pyrithione (ZnPT), pryridine tri-phenyl boron (PTPB), Diuron, SeaNine-211 and Irgarol-1051. Most of these compounds are less bioaccumulative or less persistent in the environment than the organotin compounds. Among them, compounds easily decomposed by sun light, such as ZnPT, CuPT and PTPB, are becoming attractive because they are less persistent in the environment. However, some of these compounds are still very toxic 2, 3) . Environmental risk assessment of these antifouling agents are to be conducted, when they are got into market in a large scale. In general, the environmental risk is evaluated as the ratio of environmental concentration to unobserved effect concentration for target species. Environmental concentration of these antifouling agents has been monitored at various locations [4] [5] [6] [7] [8] [9] [10] . Diuron, SeaNine-211, Irgarol-1051 and its metabolite have frequently been found in the aquatic environment. On the other hand, few have reported on the detection of photodegradable antifouling agents, such as ZnPT, CuPT, or PTPB. This may be because of their high degradation rate or high detection limit. A significant increase in the use of such photodegradable antifouling agents may cause a significant consequence. Furthermore, the environmental concentration of such photodegradable chemicals can be changed very rapidly over time and location. In order to evaluate the concentration in the environment, numerical modeling based on fate analysis will be an essential tool.
Environmental concentration prediction models, such as EXAMS by US-EPA 11) , MAMPEC by CEPE 12) , and AIST-RAMTB by AIST 13) , have been developed especially for antifouling agents. However, those models are not always effective for predicting the photodegradation of these chemicals. For highly degradable chemicals, a very steep concentration gradient is expected. In that case, the grid size used in the numerical calculation may be too large to Spatial, Seasonal, and Temporal Variation of Antifouling Agent Concentration in a Small Marina, Predicted by 3D Unsteady Numerical Model * Shibata Kiyoshi **, Senda Tetsuya***, Yamaguchi Yoshitaka***, Sugasawa Shinobu*** , Kojima Ryuji***, Miyata Osamu***, Shibata Toshiaki***
Many of the present antifouling agents developed since the ban of organotin compounds have an environmental advantage owing to their high photodegardation rate. However, increased use of these compounds may result in relatively high concentrations of them in the aquatic environment. In addition, their concentration may be changed drastically with solar radiation intensity. Therefore, it is necessary to investigate the effect of solar radiation and other factors that influence the concentration. A numerical model has been developed to predict spatial, seasonal and temporal changes in the concentration of certain photodegradable antifouling agents in a small marina. The model deals with three dimensional unsteady-state water flow and the photodegradation process influenced by various environmental factors. The results showed that the concentration is very sensitive to environmental conditions, which is changed with, season, weather and geographic location. The temporal and spatial concentration distribution makes it difficult to determine meaningful predicted environmental concentration (PEC) for an environmental risk assessment. It also suggests significant uncertainty in environmental samples.
-2-describe such a steep gradient. Also rapid degradation may lead to temporal change, but in some model the relation between solar radiation and decomposition kinetics are not included.
It is essential to evaluate concentration changes over time and space in order to assess the environmental risk of an antifouling agent. In this work, a three dimensional unsteady-state numerical model was developed, and the effects of various environmental parameters on the spatial, seasonal, and temporal variation of photodegradable antifouling agent concentration were investigated by the numerical model.
Model
A numerical three dimensional unsteady-state model has been developed to evaluate the environmental concentration of an antifouling agent released from ship hull paint. The model includes the following fate processes of the antifouling agent; release from ship hull paint, advection of the water, diffusion caused by a concentration gradient, photodegaradation, and hydrolysis. However, adsorption onto suspended matter and hydrolytic and biological degradation were not included in the model, although they are significant fate processes as well in some cases, because their rates are much slower than the photo degradation 14) . The modeled water body is a shallow rectangle area in a small marina. It is 100 m by 100 m, 3.5 m in depth at an average tidal level, and has a 20 m mouth that opens into the outer sea as shown in Figure 1 . Boats and yachts are moored at the area , painted in dark gray, in the figure. 15, 16) that takes into account potential flow and free surface. The water in the marina exchanges with the outer sea during the tidal cycle. The water level at the mouth was assumed to cycle in a 12 h period and its range was expressed by a sinusoidal curve with a given tidal range. It is assumed that the boats and yachts do not disturb the water flow. In real time, wind, wave and temperature gradient caused by solar radiation also affect water flow. This model does not take these into account. However, these mixing effects were included in the effective diffusion coefficient. Diffusion coefficient values, larger than the molecular diffusion coefficient were adopted, as described in the following session.
The generation term in equation (1) corresponds to the leaching rate of the antifouling agent from the ships' hull. The leaching rate was assumed to be proportional to the difference between the concentrations in the calculation grid including the ship hull and that of saturated water.
where A af is the surface area of antifouling paint submerged in the water in the calculation grid (m The elimination term in equation (1) was rate of the photolysis and expressed by pseudo-first order kinetics.
where k p is the rate constant (1/s). The degradation rate is often described in half-life time; t 1/2 .
The rate constant is proportional to the sunlight-intensity, I (W/m 2 ). Yamaguchi et al. 17) reported the linear relationship between the kinetic constant and light radiation constant for ZnPT.
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The value of α should be a function of the nature of the molecular and its wave length. However, in this work, for simplicity, differences in the absorption pattern with wave length are neglected and the value of α was treated as a constant.
Sunlight intensity changes with time, season, latitude, weather, and depth in the water column. The intensity at the water surface was expressed as a function of latitude, longitude, day of the year and time of the day. Since this equation is derived for a sunny, clear sky, though the real intensity is weakened by clouds or humidity, the intensity in the model was multiplied by a coefficient, the value of which is between zero and one. This value is given in the set of input parameters for the model calculation.
Turbidity increases, the light able to penetrate the water column decreases with depth. Factors contributing to water transparency include chlorophyll concentration, dissolved organic matter, and suspended inorganic particles. The light intensity in the water is expressed by the Lambert-Beer law.
Where, I 0 is sunlight intensity at the water surface (W/m 2 ),
 is a constant relating to the transparency (1/m), and z is depth of the water (m).
Calculation and results
In this model, the hydrodynamic flow was numerically calculated for a given tidal ranges, and then the concentration profile and its temporal change was numerically calculated by solving equation (1) . The grid size of the model was 2m by 2m in the horizontal and 0.2m in the vertical directions, except for the surface of the water, where the thickness of the grid is changed according to the tidal level. This gird size was determined not to give significant deference in the calculation results by changing the grid size. The calculation was started from water in which no antifouling agent had existed and continued until a steady periodical concentration change was established.
The set of reference parameter values are listed in Table 1 . These values are not meant to simulate the behavior of any particular antifouling agent but are considered to be typical for the modern antifouling paints. The environmental parameters in Table 1 are simulating a sunny midsummer day, in which the effect of the sunlight is the most significant of the year. The location was assumed to be near Tokyo Japan, and the water was relatively turbid. The phase difference between tidal movement and sunlight is a significant parameter, as discussed later. In this case, the high tidal peak were at 3am and 3pm. The antifouling agents targeted in this work were those having photolysis as the predominant decomposition process. The reported half-lives 14, [17] [18] [19] [20] [21] [22] are summarized in Table 2 . The range of the effective diffusion coefficients were determined to give significant deference in the calculation results by changing the coefficients. The half-lives was assumed to be 37min in this work as listed in Table 1 . ZnPT, CuPT and PTPB are major antifouling agents currently used as substitutes for the organotin compounds, and their photodegradation rates are high. Their half-lives have been estimated to range between a few minutes and several days, depending on the amount of sunlight and the water conditions in each experiment. Hydrolysis and biolysis for these compounds are generally slower than photolysis. The half-life for ZnPT, CuPT or PTPB by hydrolysis and biolysis has been reported as several days. The leaching rate is another important factor, determining the concentration. It is a general practice to measure the leaching rate by the rotating cylinder test established by ISO1518-1 23) . However, it is also well known that the leaching rate measured by the ISO/ASTM method is often greater than the one expected for actual ship data 24, 25) . If the leaching rate measured by the ISO/ASTM method was accurate under actual ship conditions, antifouling paints would disappear much earlier than the service period for a ship. In this work, the leaching rate was estimated according to Miyata et al. ship's voyage. For accuracy, the actual painted area should have been estimated considering the number of ships and the surface are of each hull, but in this work, it was assumed to be a half of the mooring area in Figure 1 . 14) Figure2 shows the surface water concentration profile is changed in a day in the marine, viewing from outer sea side. The concentration is high where boats are moored, and low at the end of the marina away from moored zone. At each point, the concentration increased at night and decreased during the day. This is because leaching is continues (day and night) constantly but photo degradation by the sunlight occurs only during the day. The vertical concentration is also developed. The concentration at the surface is high and low at the bottom. This spatial distribution is caused by rapid degradation and relatively slow vertical diffusion. Figure 3 shows the effect of the tidal range. Hereafter, the concentration change at point B1, indicated in Figure 1 , which is close to the end of the mooring zone, is shown as typical results. In those figures, "surface" and "bottom" mean the second grids from the surface and the deepest grid, respectively. In this case, from midnight to 3 am., the concentration decreases even without photodegradation. This is the result of dilution of the marina water by clear water entering as the tide rises. From 6 am. to 9 am. and 6 pm. to 9 pm., concentrations increase as the tide drops and water flows out of marina. The maximum concentration of the day is also affected by the tide. The combined effect of tidal flow and solar irradiation complicates how the concentrations are changed, as shown in Figure 4 . During the day, rapid degradation eliminates any effect caused by the tidal flux. However, during the night, tidal flux significantly increases concentration. Figure 5 shows the effect of the horizontal diffusion coefficient. A higher horizontal diffusion coefficient results in a more uniform distribution in the horizontal profile. When the vertical diffusion coefficient is one order-of-magnitude greater than the reference value, the concentration at the bottom increases, as shown in Figure 6 , This is caused by increased mixing of the antifouling substance into the water column. Since the photolysis is the predominant degradation process, the intensity of solar radiation has a significant influence on the concentration. When the water is clear, the concentration in the bottom water is always very low, as shown in Figure 7 . When the water is transparent, the concentration is low due to the high decomposition rate and the concentration in the bottom water is always very low, as shown in Figure 7 . However, if the transparency was greater than 5m, only a little difference was observed. Figure 8 shows the calculated results for a mid-summer day and a mid-winter day. The sunlight intensity at noon and length of the daytime are 908W/m 2 and 14.36 hours in a mode-summer day and 487W/m 2 and 9.65 hours in a mid-winter day, respectively. In winter, the sunlight is weak, and the concentration doubles of those in summer. Weather also affects sunlight intensity. The photolytic rate constant has the similar effect as light intensity, as shown in Figure 8 , as dose water transparency especially in deep water. 
4.1.Verification of the calculated results
It is essential in general to validate the model calculated by comparing its results with observed data. However, in this work, this is extremely difficult to do so.
In some previous models of persistent substance, such as TBT, has been possible to validate by comparing model calculation result with actual data collected in the environment. This is not possible with this model. The concentrations calculated in this work vary drastically with time and location, and are very sensitive to environmental parameters, as shown in the previous section. Moreover, most of the environmental data are collected at specific time and location, however the corresponding environmental parameter values are not always recorded. Thus, it is almost impossible to correlate the related factors.
In spite of the efforts to develop an analytical technique to measure the concentration of these compounds in the environment, almost no data is available for these antifouling agents in the aquatic environment to compare with the model calculation results. This is because the detection limit of ZnPT, CuPT and PTPB in the aquatic environment is still too high to get meaningful environmental data. The only available date is that by Harino et al 26) , who detected CuPT in sediments. This implies that CuPT exists in the water, but the concentration is still below the detection limit.
Since no actual environmental concentration is available, this model could not be validated. Nevertheless, based on the model calculation, it is worthwhile to investigate the effects of the environmental parameters on the concentration and discuss the possible fate of the antifouling agents.
Effects of the environmental parameters
The changes in the concentration of photodegradable antifouling agent are discussed semi-quantitatively by simulating the effect of water flow caused by tidal movement, sunlight variation, light attenuation in water, etc.
Seligman et al. 27) observed periodic variations in TBT concentration caused by tidal movement in San Diego Bay, USA. The similar periodical concentration change along the time was observed, but this case is due to both sunlight intensity and tidal movement. The calculated concentration in the bottom water remained low, unless the vertical diffusion was extremely high. This occurs because the antifouling agent is released from ships' hull at the water surface, and decomposition during the diffusion to the bottom of the water.. This model considers water flow caused by tidal action. Other factors affecting water flow and concentration, which were not taken into account by this model, are wind blowing over the water surface, temperature gradient, and concentration/density gradient. These effects are represented by the effective diffusion coefficients. The wind accelerates horizontal water movement and generates counter current flow mainly in the bottom layer. It induces substantial vertical mixing leading to a more uniform concentration distribution. During the day, the sunlight warms the water surface and forming stratified layer. In this case, vertical diffusion is very slow. At night, radiation from the water surface destroys the stratified layers, resulting in a well-mixed water column. Movement by boats and yachts also affects water flow. In order to calculate the detailed effects of these factors, they would need to be incorporated to the model, however, this has not done yet.
The light intensity is affected by geographic location, time of year, weather, and transparency of the water. But they are relating each other and producing very complicated nature. For example, Figure 8 indicates that the concentration in summer is lower than that in winter, because of the sun's intense radiation. However, concentrations in winter might be also lower than those in summer because, in winter, the lower chlorophyll concentrations increase water transparency. Water transparency should be expressed as a function of chlorophyll, dissolved organic matter and suspended inorganic matter, but this relationship can be evaluated only in real environment.
Periodical phase differences between the sun and tide make temporal change significantly, as shown in Figure 4 . This model assumes a 24-h tidal period, but the phase is changing daily, since the tidal flux is generally longer than 12 h, and is not coincident with the sun's movement. When one determines a PEC value, a specific day and time should be identified, as well as environmental monitoring At this moment, there are too many unknown parameters to make quantitative prediction of the environmental concentration of photodegradable antifouling agents. It is desirable to determine some of them based on the measurement in environment and examine the effects of the rest of the parameters. That will be future task.
4.3.PEC/PNEC assessment
Generally, environmental risk is assessed with a PEC/PNEC ratio. The PEC calculated in this work is summarized as follows. The PEC is high at the mooring zone and decreases with increasing distance from the area. Temporal change is significant. The highest concentration can be greater than 10 times the lowest in a day. However, the concentration in the water flowing out of the marina remained relatively low.
The distribution of the temporal and spatial concentrations makes it complicated to determine the PEC value for the risk assessment. Averaging the concentrations, one may miss the significance of extremely high concentrations. Such extreme concentration may be critical for certain organisms, even over a short period. The effect on the target organism may depend on its mobility and sensitivity. In some cases, the higher concentration is more significant than the averaged one. In other cases, the organism might recover from the short term exposure to high concentration. Special care should be taken when evaluating both PEC and PNEC values.
In undertaking environmental risk assessment, it must be determined what endpoint is of importance. One may say that the risk assessment should be made for the concentration in all the water exiting the marina and that one hot spot is critical, even if it is very small area. Another may say that it should be made for the concentration in the water going out from the marina to outer sea. If the endpoint of the assessment is to determine the possibility of the extinction of a certain species, 28) then it is essential to preserve their habitat. In that case, it is important to keep sufficient area to maintain the species' life, even if there is high PEC/PNEC area in some other part. It can be argued that a manmade marina is a place in which there can be no wild ecological niche for precious organism, and could be out of the scope for environmental risk evaluation.
The fate and concentration of photodegradable antifouling agents are very sensitive to local environmental conditions, and an assessment of the environmental risk needs to take into account many environmental factors of the nature. In a practical sense, developing a realistic worst-case scenario will be a key element for the risk assessment.
Conclusion
A three dimensional unsteady-state numerical model has been developed to predict the environmental concentration of photodegradable antifouling agents. The effects of the environmental parameters on the concentration and the ultimate fate of these agents were investigated using the model. Certain components of this model were very sensitive to environmental parameters, which were changed with time, season, weather, and geographic conditions. It was not successful to verify the ability to predict the concentration, because of the sensitivity and existence of unknown parameters. That also implies that an assumption of steady state environment is not realistic for such photodegradable antifouling agents. It suggests that the collection of representative real-time data would be very difficult, and if obtained, uncertainty in these data would be significant. In order to use this model, critical environmental parameters must be identified, and sampling methodology must be developed that will collect and analyze representative environmental samples.
